Desulphurization of model and real oil samples was investigated using performic acid as oxidant assisted by air as co-oxidant. The catalysts used were Mo-oxide supported on ZSM-5 zeolite, which was synthesized in the laboratory and characterized by FT-IR, XRD, SEM and SSA analysis. In case of model oil, the optimum condition determined for complete oxidation of all the model compounds including thiophene, DBT and 4,6-DMDBT were; 60˚C, 60 min, ambient pressure and air flow rate of 100 mL/min. The oxidation reactivity decreased from 4,6-DMDBT to DBT and thiophene, which was found to follow pseudo first order kinetics. The real oil sample used in the study included untreated naphtha (NP), light gas oil (LGO), heavy gas oil (HGO) and Athabasca bitumen (Bit.). In case of NP and LGO the sulfur removal of above 78% was attained whereas in case of HGO and Bit. samples about 60% of desulfurization was achieved.
Introduction
Because of the low cost and mild operating conditions required, oxidative desulfurization (ODS) is the most suitable alternative to the industrial hydrodesulfurization (HDS). The process has also the advantage of high efficiency in treating the refractory sulfur compounds, which are difficult to be treated by HDS under its normal operating conditions. In this process, sulfur compounds in petroleum are selectively oxidized, whereby their polarity increases. The oxi-dized sulfur compounds are the separated from the non-polar phase through extraction or adsorption. Various oxidizing agents are employed in the ODS process, such as nitric oxide, sodium perchlorate, Ozone, hydroperoxides and per-acids generated in situ by the reaction of H 2 O 2 and organic acids like formic acid or acetic acid etc. [1] - [8] . Per-acids constitutes very effective oxidant for ODS process. In this oxidation system H 2 O 2 and formic acid or acetic acid is used to in situ generate per-acids, which bear high selectivity towards oxidation of sulfur compounds. The process efficiency has been found to increase by using various types of catalysts, which include activated carbon [9] , EDTA, Na or Mg-silicates [10] , silica gel [11] molecular sieves loaded with metal oxides [12] , sodium bicarbonate [13] , transition metal salts [14] etc. These catalysts actually promote the formation of peracid radical from H 2 O 2 and formic acid, which selectively oxidizes the sulfur compounds. Air or molecular oxygen O 2 along with various types of initiators or catalyst is also as a cost-effective oxidant for ODS of liquid fuels. O 2 with various catalysts and initiators such as aldehydes [15] , n-Octanal and cobalt salts [16] , Iron pthalocyanin [17] complexes and TBPH etc. has proved to be very efficient ODS systems by showing promising desulfurization yields.
Generally heavy petroleum distillates contain high amount of sulfur, the sulfur compounds also have complex nature. Besides, due to high viscosity and high density, the efficient ODS treatment of heavy fractions is very difficult. Therefore, more effective ODS system is required for heavy fractions in order to reduce their sulfur content. We have previously reported the catalytic ODS of model and real oil including heavy distillate fraction by per-formic acid oxidation along with air oxidation over amphiphilic polyoxometalates (POM) and Fe exchanged ZSM-5 catalyst [18] [19] . In both systems, the presence of air as co-oxidant efficiently enhanced the desulfurization yields in model oil and in real oil samples.
In the present work the ODS of model and real oil sample is investigated through air assisted performic acid oxidation system over oxides of Mo, V and W loaded on ZSM-5 as catalysts. The optimum process parameters are determined. The effect of catalysts on reactivity of model sulfur compounds is also investigated.
Experimental

Reagents
The model oil used was thiophene, DBT and 4,6-DMDBT dissolved in n-heptane (total S 1275 ppm). NH 4 -ZSM-5 zeolite purchased from Zeolyst International USA, was used as catalysts support which was transformed in to H-ZSM-5 by calcination in air for 2 -3 h at 300˚C. The real oil samples used Naphtha (NP),
LGO, HGO and Athabasca Bitumen (Bit.).
Preparation of Catalyst
The catalysts used were oxides of Mo, V and W loaded on H-ZSM-5 zeolites, W. Ahmad, I. Ahmad Journal of Power and Energy Engineering synthesized in the laboratory by wet impregnation technique [20] . For synthesis of Mo oxide supported on HZSM-5, stoichiometric amount of (NH 4 ) 6 Mo 7 O 24 •4H 2 O (for 2 wt% loading) was dissolved in about 100 mL of distilled water. 3 g of HZSM-5 was dispersed in this solution, the pH was adjusted to 4.5 with HNO 3 solution and stirred for about 2 h at 60˚C. The suspension was filtered and residue was collected, dried and then calcined for 4 h under air at 500˚C. VO x /ZSM-5 was prepared using Na 3 VO 4 and WO x /ZSM-5 by using Na 2 WO 4 as precursors, through similar process. During synthesis of WO x /ZSM-5, pH was adjusted to 9, with NaOH solution. The synthesised catalysts were characterized by elemental analysis through XRF, surface properties, FT-IR and SEM analysis.
ODS of Model and Real Oil Samples
ODS experiments of model oil was conducted, by taking 20 ml of model oil a three-neck flask fitted with a condenser, placed in oil bath mounted on magnetic stirring hot plate. 2 ml of H 2 O 2 , 2.5 ml HCOOH and 0.05 g catalyst was added to the sample, and stirred for 60 min under constant air bubbling and temperature maintained at 80˚C. After oxidation, equal volume of extraction solution (80% methanol aq.) was mixed with the sample and transferred to the separating funnel, in which the oil layer was separated. Reaction temperature and reaction time were optimized to attain maximum sulfur removal.
Under optimized conditions the ODS of real oil samples i.e. NP, LGO, HGO and Bit. was carried about using same procedure as followed for model oil. In case of heavy oil samples i.e. HGO and Bit., 5 ml benzene as a diluent was added to reduce viscosity of the sample. After oxidation, the real oil sample was extracted with 20:80 mixture of acetonitrile and methanol.
Product Analyses
In oil samples, the concentration of total S was determined through sulfur analyzer (Antek PAL) equipped with chemiluminescent and vacuum UV detector. The extent of sulfur removed was calculated as % desulphurization, using the following relation,
where,
S o = Concentration of sulfur in original oil. S t = Concentration of sulfur in treated oil.
In model oil, the concentration of model sulfur compounds was determined by gas GC-FID (Agilent 7890 A) equipped with PIONA capillary column. The oxidative conversion of model sulfur compounds was reported as % conversion, which was calculated from the difference in the initial concentration (C o ) and the final concentration (C t ) after time T.
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Kinetic investigation was conducted by applying first order kinetics equation (Equation (3)), the oxidation rate constant was determined from the plot of lnC o /C t vs T.
Using Arrhenius equation, the activation energy for oxidation reactions was calculated from the plot of ln K vs 1/T. [23] . In the current catalytic ODS system, it is assumed that per-formic acid supplies the active oxygen to form peroxomolybdate species, which further leads to oxidation of the sulfur compounds.
Results and Discussions
Catalytic ODS of Model Oil
This could be confirmed from the poor desulfurization yield shown when only H-ZSM-5 was used as a catalyst, where no Mo atoms are available to form peroxomolybdate species. A generalized mechanism for the reaction is given below:
Mechanism of thiophene oxidation by per-formicacid using MoO x /ZSM5 catalyst
The catalysts synthesized in the laboratory were characterized, by SAA, SEM, FT-IR and EDX analysis. The data in Table 2 show that the surface area of the plain ZSM-5 is higher than the metal oxides supported ZSM-5. In other words, the surface area of the zeolite decreased with the incorporation of the metal oxides through impregnation. In case of ZSM-5, the BET surface area was 420 
oxides due to blockage of the micropores and the tunnel in the zeolites which leads to decrease in the void volume or surface area. It is further added that due to their large size, the metal oxides species may have occupied the larger dimension pores which led to blockage of meso and micropores, hence the large decrease in surface area is observed. The FT-IR spectra of MoO x , WO x and VO x -ZSM-5 catalysts are shown in Figure 1 , which was recorded in the wave length raging between 500 to 1350 cm −1 in order to locate the characteristic absorption bands for metal oxides. The FT-IR spectra of all the metal oxide supported ZSM-5 catalyst exhibit similar prominent absorption bands centred at wave lengths of 1150 -1170 cm −1 which can be attributed to asymmetric stretching of [26] . It can be concluded from these results that the impregnated metals oxides exist as polymeric oxides which are adsorbed the surface of ZSM-5.
The SEM images of fresh and spent MoO x /ZSM-5 and H-ZSM-5 are shown in Figure 3 . Figure 2 show SEM image of H-ZSM5 zeolite which exhibit uniformly fine dispersed granules, and each grain has smooth surface. The micrographs of 
Reactivity of Sulfur Compounds
The catalytic ODS of model oil over MoO x /ZSM-5 was initially investigated at Thiophene, DBT and 4,6-DMDBT, leads to form respective sulfones in the present oxidation system [19] . In the current study, the extent of oxidation of model sulfur compounds was investigated by GC-FID. It can be observed from the results that the conversion of all model compounds linearly increased with increasing the reaction time and temperature. The conversion was slow at lower temperatures i.e. at 25˚C and 40˚C, even at longer reaction times and never reached to completion. However, at higher temperatures the conversion was rapid. In case of thiophene the at 60˚C highest conversion of 93% was achieved, but at 80˚C the conversion reached to about 95% in 60 min. The higher DBT conversion of 94% was achieved at 60˚C in 60 min, but at 80˚C same level of oxidation was observed in 45 min. similarly, in case of 4,6-DMDBT, 95% oxidation was observed in 60 min at 60˚C, but conversion reached to more than 97% at 80˚C in 60 min. Thus in the presence of MoO x /ZSM-5, about 92% to 96% conversion was observed for all the model compounds in 60 min at 60˚C.
From the conversion of model compounds under different condition of temperature and times, oxidation kinetics were investigated. Initially first order kinetics was applied, and ln(C o /C t ) was plotted against the time (t), which gave linear plot for all the model compounds. The first order kinetics plots for thiophene, DBT and 4,6-DMDBT are displayed as Figures 3-5 , showing that their ODS follow first order kinetics, which is in well agreement published literature [27] . The rate constants for oxidation of model compounds were calculated for 25˚C, 40˚C and 60˚C, the data is displayed in Table 3 . Results show that for each model compounds the rate constant uniformly increases with increase in reaction temperature. From the rate constants, it can be observed that among the model sulfur compounds the reactivity order decreased as; 4,6-DMDBT > DBT > Thiophene Journal of Power and Energy Engineering The reactivity order is same as the order of electron densities on the sulfur atom among these model compounds.
This shows that in the current catalytic oxidation system, the oxidative conversion of the model compounds is governed by the electron density on the sul- 
ODS of Real Oil Samples
The ODS of real oil samples was conducted under optimized conditions, i.e.
60˚C, 60 min and 2 ml of H 2 O 2 and HCOOH for 20 ml oil. The ODS of real oil samples was studied using MoO x /ZSM-5 catalyst and without catalyst. After oxidation, the real oil samples were extracted in two steps, 1 st step extraction with 80% acetonitrile, and second step extraction with 80% methanol. Initial experiments revealed that single step extraction was insufficient for complete removal of the oxidized sulfur compounds from real oil samples, since the 80% acetonitrile extraction was found effective for oxidized gas oil [30] , hence 2 stage extraction was used. The oil samples used as feed were untreated naphtha (NP), It is also revealed from the results that during the catalytic ODS the sulfur removal gradually decreases in case of real oil samples as its density or boiling range increases i.e. the desulfurization yield for untreated naphtha was 81.6%
whereas for Athabasca bitumen the sulfur was 60.27%. Since with increase in the boiling point range of the fraction, its density and viscosity increase. With the increase in the boiling points, the structural complexity of the prevailing sulfur compounds increases. In heavy oil the sulfur compounds contains multiple aromatic rings and several alkyl side chains, and because of steric hindrance their oxidation is more difficult [31] . Also in case of heavy oils, the high viscosity creates the mass transfer problems due to which the polar phase oxidants cannot access the nonpolar sulfur compounds. It is therefore the heavy fractions i.e.
HGO and Athabasca bitumen show lower desulfurization yield as compared to untreated naphtha and LGO.
Conclusion
Catalytic ODS of model and real oil was studied over oxide of Mo, V and W supported on ZSM-5 zeolite, using air assisted performic acid oxidation. The catalysts were synthesized and characterized in the laboratory. Maximum sulfur removal of model oil was found to occur at 60˚C, 60 min, ambient pressure and air flow rate of 100 mL/min. The oxidation of model sulfur compounds were found to follow pseudo first order kinetics. In case of NP and LGO the sulfur removal of above 78% was attained whereas in case of HGO and Bit. samples about 60% of desulfurization was achieved. 
